Abstract. Aedes triseriatus is the primary vector of LaCrosse (LAC) virus, which can cause encephalitis, especially in young children. Aedes hendersoni, a sibling species of Ae. triseriatus, has a salivary gland barrier to LAC virus and, therefore, is not considered a vector of this virus. Adults of Ae. triseriatus are morphologically indistinguishable from those of Ae. hendersoni, and the two species are sympatric in the eastern United States. A definitive method of identifying field specimens is an important part of any disease surveillance program, particularly in the case of LAC virus. This study identifies restriction enzymes that produce species-specific restriction fragment length polymorphisms (RFLPs) from amplified ribosomal (r) DNA. In addition, sequences of the internal transcribed spacers 1 and 2 and the 5.8S regions of the rDNA were used to confirm the RFLP patterns. This study is the first to compare nucleotide sequences from Ae. triseriatus and Ae. hendersoni.
Arbovirus disease surveillance requires accurate identification of mosquito vectors. Identification of mosquito species is especially important when cryptic species have different transmission abilities. Aedes triseriatus (Say) is the primary vector of LaCrosse (LAC) virus, 1 which can cause encephalitis, especially in young children. 2 The overwhelming majority of Ae. hendersoni Cockerell, a sibling species of Ae. triseriatus, has a salivary gland barrier to LAC virus; therefore, Ae. hendersoni is not considered an important vector in the transmission cycle of LAC virus. [3] [4] [5] Aedes hendersoni and Ae. triseriatus are sympatric in the United States east of the Great Plains 6, 7 and can be found inhabiting the same treeholes. 6, 8 In fact, Ae. hendersoni can be the more abundant of the two species in wooded areas. 6 Breland 9 advocated that Ae. hendersoni, previously described as a variant of Ae. triseriatus, be elevated to species rank based on larval morphologic differences. Morphologically, Ae. hendersoni and Ae. triseriatus are not distinguishable except in the fourth larval instar by a single character, the acus. [10] [11] [12] The acus is either present (Ae. hendersoni) or absent (Ae. triseriatus). Morphologically, adult Ae. triseriatus can occur in either a light-phase or a dark-phase depending on the extent of silver scales present on the mesoscutum. 9 While dark-phase Ae. triseriatus may be differentiated from Ae. hendersoni, light-phase Ae. triseriatus individuals are not distinguishable from adult Ae. hendersoni. 6 In addition, older, scaleless Ae. hendersoni adults are difficult to distinguish from either dark-phase or light-phase Ae. triseriatus. Collection methods for adults in the field, such as aspiration, CO 2 traps, or suction traps remove scales, making identification impossible. Therefore, a definitive character is needed to differentiate the two species, especially in studies where field-collected adults play a critical ecologic or epidemiologic role.
The difficulty and importance of distinguishing Ae. triseriatus from Ae. hendersoni have been addressed by Saul and others, 8 who identified one enzyme locus with allele variants unique for each species via polyacrylamide gel electrophoresis. Although isozyme electrophoresis still serves as a useful method for identifying field-collected adults, it requires the homogenization of the whole specimen. One major advantage of a polymerase chain reaction (PCR)-based technique is that a minimal amount of a single specimen is needed. A single mosquito leg was used by Debrunner-Vossbrink and others 13 for species identification in the Culex pipiens complex, thus leaving the rest of the mosquito for viral detection, blood meal analysis, or for use as a taxonomic voucher specimen.
Recent trends in the molecular identification of mosquito species have focused on the ribosomal (r) RNA genes. 14 In eukaryotes, rDNA genes are arranged in tandem, repeated sequences that are separated by intergenic spacers (IGSs). 15 Eukaryotic rDNA contains two internal transcribed spacer regions (ITS1 and ITS2) that have evolved rapidly enough to contain sufficient variety for the differentiation of species. 16 The regions that flank the ITS regions and code for mature rRNA are conserved and, therefore, can provide the sequences for primers to amplify the rDNA in this study.
The differentiation of Ae. triseriatus from Ae. hendersoni without loss of the entire specimen is critical in studies of the distribution of LAC virus in mosquitoes, the ecology of Ae. triseriatus or Ae. hendersoni, or in disease surveillance programs. In this study, we examined the use of a PCRrestriction fragment length polymorphism (RFLP) procedure to amplify and characterize rDNA from Ae. triseriatus and Ae. hendersoni. Because no size difference was detected, the restriction enzymes Hae III and Alu I were used successfully to produce species-specific RFLP patterns of the amplified sequences for differentiating Ae. triseriatus from Ae. hendersoni. In addition, sequencing of the ITS1, the 5.8S gene, and ITS2 regions was used to confirm the RFLP patterns.
MATERIALS AND METHODS

Mosquitoes.
Aedes triseriatus and Ae. hendersoni eggs were hatched as reported by Novak and Shroyer. 17 Aedes triseriatus adults were reared from eggs and larvae from four locations: 1) a laboratory colony originally from Urbana, Illinois (Champaign County), 2) eggs collected from Decatur, Illinois (Macon County), 3) eggs collected from Mahomet, Illinois (Champaign County), and 4) eggs collected from Peoria, Illinois (Peoria County). Aedes hendersoni adults were reared from eggs from six locations: 1) a laboratory strain from Notre Dame, Indiana (St. Joseph County), and field-collected eggs from 2) Urbana, Illinois (Champaign County), 3) Rock Island, Illinois (Rock Island County), 4) Mahomet, Illinois (Champaign County), 5) Decatur, Illinois (Macon County), and 6) Peoria, Illinois (Peoria County). In addition, Ae. hendersoni collected as larvae from treeholes in Pueblo, Colorado (Pueblo County) were reared to adults.
Amplification. Individual mosquitoes for rDNA amplification were prepared and amplified using methods described by Debrunner-Vossbrinck and others. 13 To prepare a homogenate, either the abdomen or the six legs of one mosquito was manually ground with a Teflon pestle in either 150 l or 100 l of STE buffer (100 mM NaCl, 10 mM Tris HCl, pH 8.0, 1.0 mM EDTA), respectively. Mosquito homogenates were heated at 95ЊC for 5 min. After centrifugation for 5 min at 13,000 ϫ g, the supernatant was removed and stored at Ϫ70ЊC until frozen. The supernatant was then thawed and centrifuged a second time. The resulting supernatant was removed and stored at Ϫ70ЊC until use.
Each 50-l reaction mixture contained 10 l of homogenate; 9.1 pmoles of each primer; 0.17 mM each of dATP, dCTP, dGTP, and dTTP; 2.5 mM MgCl 2 , 1ϫ buffer (10 mM Tris HCl, 50 mM KCl, pH 8.3, and 0.1% Triton X-100); and 1.25 units of Taq DNA polymerase (Perkin-Elmer, Branchburg, NJ). The primers (ISS2470f: 5Ј-TTTAGAGGAAG-TAAAAGT-3Ј and ISS228r: 5Ј-GTTAGTTTCTTTTCC-TCC-3Ј) were use to amplify from the 3Ј end of the 18S gene to the 5Ј end of the 28S gene, including ITS1, the 5.8S rDNA gene, and ITS2.
Reactions were incubated at 94ЊC for 3 min, followed by 29 cycles of 94ЊC for 45 sec, 45ЊC for 1.5 min, and 72ЊC for 2 min. There was a final extension of 72ЊC for 4 min. To determine the size of the PCR product, samples were analyzed by electrophoresis on a 1.5% agarose gel containing ethidium bromide at a final concentration of 0.125 g/ ml. The DNA was visualized under ultraviolet light at 312 nm.
Restriction endonuclease analysis. Products of the PCR were purified using a QIAquick PCR purification kit (Qiagen, Santa Clara, CA). The concentration of DNA was estimated on a 1.5% agarose gel by visual comparison with a known amount of a DNA standard. About 500-1,000 ng of the purified DNA was then digested with sufficient units of a selected restriction enzyme (Alu I, Dra I, or Hae III) at 37ЊC overnight. Restriction enzymes were selected because they had been used successfully with Culex species. 13 The DNA fragments were analyzed by electrophoresis on a 3.0% agarose gel. A molecular weight standard (Hae III digest of X 174 RF DNA; Gibco-BRL, Gaithersburg, MD) was included in every analysis. The log of the mobility (in cm) was plotted versus the size (in basepairs [bp] ). The size of the individual restriction products of the amplified rDNA was estimated by interpolation.
Sequencing. To confirm RFLP patterns, PCR products were cloned into either pNoTA/T7 (5 Prime → 3 Prime, Inc., Boulder, CO) or pcr2.1-TOPO (Invitrogen, Carlsbad, CA). Once cloned, inserts were confirmed by informative restriction endonuclease digests of the plasmid and by successful amplification of the insert using ISS2470f and ISS228r primers. The inserts were sequenced by the Genetic Engineering Facility of the University of Illinois (Champaign, IL). Sequences were aligned using Gap of Haeberli and Delaquess from the Wisconsin Parkage Version 9.1, Genetics Computer Group (Madison, WI). Genbank accession numbers are AF166254 (Ae. triseriatus) and AF166255 (Ae. hendersoni).
RESULTS
Amplification of mosquito DNA with the ISS2470f and ISS228r primers resulted in a single visible band from both Ae. triseriatus and Ae. hendersoni. The fragment is approximately 950 bp in length, including the two primers ( Figure  1 ). Size differences between the species were not resolved even when a variety of agarose gel concentrations was used, nor were size differences detected among or between Ae. triseriatus from Illinois, Ae. hendersoni from Illinois, and Ae. hendersoni from Colorado ( Figure 1) .
To sample portions of the amplified DNA for sequence differences between the two species, patterns generated with several restriction enzymes were compared. The amount of fluorescence was subjectively estimated to deduce which positions on the gel contained unique versus co-migrating DNA fragments. Sequence data were used to confirm these deductions (Figure 2 ). The restriction enzyme Hae III produces two visible bands from the amplified fragment of Ae. triseriatus at 240 bp and at 160 bp ( Figure 3 ). Sequence data confirm that the visible fragment at 160 bp consists of three fragments of that length (Figure 4) . The sum of the sizes of the fragments is slightly less than the size of the starting product (720 bp versus 950 bp). Sequence data further indicate that seven fragments are too small to be resolved (between 65 and 10 bp), but sum to 240 bp (Figure 4) . The total of all fragments is 960 bp. The corresponding pattern from Ae. hendersoni consists of four fragments: 280 bp, 190 bp, 180 bp, and 150 bp (Figure 3) . The sum of the sizes of the fragments is slightly less than the size of the original fragment (800 bp versus 950 bp). Sequence data indicate the presence of four fragments between 65 and 20 bp totaling 175 bp, also too small to be resolved (Figure 4) . Therefore, the total of all fragments is 975 bp. The restriction patterns were consistent for all 11 Ae. triseriatus (six from the Illinois laboratory colony, one from Urbana, IL, two from Mahomet, IL, one from Rock Island, IL, and one from Decatur, IL) and 13 Ae. hendersoni samples (five from the Notre Dame col-ony, five from Illinois field collections, and three from Colorado).
The RFLP pattern generated from both mosquito species by Alu I indicates that there is one site for this restriction enzyme, and this was confirmed by sequence data ( Figures  3 and 4) . Restriction digests of PCR products from Ae. triseriatus generated fragments of approximately 520 and 425 bp in size compared with those from Ae. hendersoni, which are 540 and 425 bp in size (Figure 3) . The sizes of the fragments sum to 945 and 965 bp, respectively. Sequences of the PCR product indicate that actual fragment sizes for the Alu I digestion products from Ae. triseriatus are 526 and 429 bp in size and the digestion products from Ae. hendersoni are 536 bp and 418 bp (Figure 4) . The restriction pattern was the same for the five Ae. triseriatus (four from the Illinois colony and one from an Illinois field collection) and the seven Ae. hendersoni samples tested (one from the Notre Dame colony, three from Illinois field collections, and three from Colorado). In addition, the enzyme Dra I failed to digest the PCR product of either Ae. hendersoni or Ae. triseriatus. The sequence data indicated that the amplified rDNA should not contain that site.
DISCUSSION
In this study, the amplified products derived from the ISS2470f and ISS228r primers were similar in size for Ae. triseriatus and Ae. hendersoni, thereby necessitating the use of restriction enzymes to search for RFLP differences. Enzymatic digestion of the amplified DNA with Hae III produced patterns diagnostic for Ae. triseriatus and Ae. hendersoni. Sequence data confirm that Ae. triseriatus has two more Hae III restriction sites than Ae. hendersoni, one in the ITS1 region and one in the ITS2 region (Figure 4 ). In addition, the enzyme Alu I also could serve as a diagnostic restriction enzyme provided known samples are available for comparison because the differences are small. Furthermore, sequence data indicate that the ITS1 region of Ae. triseriatus is shorter than that of Ae. hendersoni, 417 bp versus 427 bp (Figure 2 ). The reverse is true for the ITS2 region (252 bp in Ae. triseriatus versus 241 bp in Ae. hendersoni).
Many cryptic mosquito species have been differentiated by PCR amplification of rDNA and subsequent analysis via RFLPs. 13, [18] [19] [20] The RFLPs also were used when the rDNA of the cryptic species Culex pipiens pipiens L. and Culex quinquefasciatus Say was amplified by Debrunner-Vossbrinck and others. 13 Post-amplification analysis with restriction enzymes, including Hae III, was necessary to differentiate the two Culex sibling species. The Anopheles quadrimaculatus Say species complex consists of five cryptic species that can not be differentiated as adults but can be differentiated by the banding patterns of polytene chromosomes, electrophoretic variants, and egg characters as determined by electron microscopy. 18 Mitchell and others 19 amplified mitochondrial and cytoplasmic rDNA from four of the An. quadrimaculatus cryptic species and then established RFLP patterns for the four species. Using ITS2 sequences, Cornel and others 18 were able to simplify identification of four species of the An. quadrimaculatus complex by amplifying bands diagnostic by size for each species with one common forward primer and four species-specific reverse primers. Crabtree and others 20 used ITS1 and ITS2 sequences to develop species-specific primers for the Cx. pipiens complex as well as other Culex vectors of St. Louis encephalitis virus. Therefore, this region appears to have considerable diagnostic and taxonomic value for the Culicidae.
Most studies of Ae. triseriatus and Ae. hendersoni have differentiated the two species either as larvae or with electorphoresis. 21, 22 However, some field studies have not identified whether the collected eggs or adults were Ae. triseriatus or Ae. hendersoni. [23] [24] [25] [26] [27] The problem with treating these two species as one is obvious in light of their different ecologic behaviors and vectorial capacity. This RFLP-PCR method will accurately identify Ae. triseriatus and Ae. hendersoni in a two-step process of amplification followed by restriction digestion. The procedure requires approximately 4 hr for homogenization and amplification, 1 hr for confirmation of PCR product, 1 hr for purification, an overnight restriction digestion with Hae III or Alu I, and 2 hr to visualize the RFLP pattern. Although longer than enzyme electrophoresis, this procedure preserves the remainder of the specimen for further study. In addition, sequence data of the ITS regions suggest species-specific primers that could eliminate the restriction digest step, reducing sample analysis time to 5 hr. This was the strategy used by Crabtree and others. 20 Our sequences are the first molecular examination of Ae. hendersoni and the first examination of ITS1 and the 5.8S gene of Ae. triseriatus. The rDNA sequences from Ae. aegypti 16 were used to align the boundaries of ITS1, the 5.8S gene, and ITS2 regions of Ae. triseriatus and Ae. hendersoni in this study (Figure 2 ). The length of ITS1 is 417 bases in Ae. triseriatus and 427 bases in Ae. hendersoni. The length of the 5.8S gene is 152 bases in both species with no base mismatches. The length of ITS2 is 252 bases in Ae. triseriatus and 241 bases in Ae. hendersoni. Wesson and others 16 determined that the length of the ITS2 region in Ae. triseriatus is 240 bp. These investigators 16 also determined the length of ITS1 in Ae. aegypti to be 419 bases, the length of the 5.8S gene to be 154 bases, and the length of ITS2 to be 191 bases with some intraspecific variation. In our study, no intraspecific variation in Hae III restriction sites was detected, but additional sequence analysis will further evaluate this observation.
Aedes hendersoni from Colorado was included in the assay to examine a population from an area where this species is not sympatric with Ae. triseriatus. Aedes hendersoni collected from western areas of the United States, where Ae. triseriatus is not found, has a wider silver scaled mesoscutal pattern than that of Ae. hendersoni from areas where sympatry exists. 7, 28 The minor observed differences in mesoscutal patterns may result from limited gene flow between widely distributed populations of Ae. hendersoni. If such limited gene flow exists, differences may exist in the rDNA regions of eastern and western Ae. hendersoni. However, Figure 1 indicates that Ae. hendersoni collected in Colorado have the same size band from the ISS2470f and ISS228r primers as do midwestern Ae. triseriatus and Ae. hendersoni populations. The RFLP patterns from the enzymes tested also appear identical (Figure 3 ). To gain additional information on the potential variability among different geo- graphic populations of Ae. hendersoni, sequencing of clones that include the ITS1 and ITS2 regions is underway.
Kumar and Rai 29 identified another difference in the rDNA of Ae. triseriatus and Ae. hendersoni by using in situ hybridization to locate copies of the 18S and 28S genes on mosquito chromosomes. They tested 20 species of mosquitoes from eight genera and found that only Ae. triseriatus has copies of the rDNA genes on two chromosomes. The remaining mosquitoes, including Ae. hendersoni, have rDNA genes only on one chromosome. These findings indicate that major changes beyond simple mutations in the sequence of the rDNA of Ae. triseriatus and Ae. hendersoni have occurred. Kumar and Rai 29 speculated that the second chromosome locus for rDNA genes in Ae. triseriatus resulted from a recent translocation of part of the locus. In amplifying the rDNA genes and ITS regions in this study, it is assumed that both loci of rDNA were amplified in Ae. triseriatus because universal insect primers were used.
Sibling species provide challenges for researchers, especially in cases of differing vector capability. Since morphologic identification of adult Ae. triseriatus and Ae. hendersoni is mostly unreliable, this study provides the first molecular sequence comparison of Ae. triseriatus and Ae. hendersoni. The benefit of this PCR-RFLP procedure is that field-collected Ae. triseriatus and Ae. hendersoni adults can be identified in LAC virus surveillance programs and a variety of ecologic studies. With additional sequence data, we hope to further evaluate the utility of rDNA to address taxonomic questions in Ae. triseriatus and Ae. hendersoni. Additionally, Aedes brelandi, a member of the Triseriatus group found in the Chisos mountains of Texas and Mexico, is more closely related to Ae. hendersoni than Ae. triseriatus. 7 Information on the RFLP patterns and sequence analysis of the amplified rDNA of Ae. brelandi would provide a more complete picture of the evolution of this sibling species group.
